miRNAs are exported to the cytoplasm by Exportin 5 and then processed by Dicer into mature miRNA/miRNA duplexes (about 18-24 nucleotides) [1] . Finally, RNA-induced silencing complex (RISC), a multiprotein complex, incorporates only one strand of the miRNA, while the other is degraded. The RISC complex drives the basepaired match of each miRNA with its specific mRNA. From this interaction, mRNA degradation and/or block of translation occurs.
miRNAs are highly conserved among mammalians. They regulate a considerable amount of genes and are involved in several critical biological processes, including cellular proliferation, apoptosis, and differentiation. Indeed, miRNA deregulation may result in impaired cellular function and has been associated with the development of several diseases [2] .
Dicer is crucial for miRNA maturation. In humans, constitutional haploinsufficiency of Dicer leads to the development of familial pleuropulmonary blastoma family tumor and dysplasia syndrome (PPB-FTDS). This association is so specific that PPB-FDS has been proposed to be renamed as Dicer syndrome [3] . PPB-FTDS patients or their family members carrying a truncating mutation develop inherited malignant tumor of pleura and lung, usually in the childhood [4] . This is associated with extrapulmonary tumors, as cystic nephroma, ovarian SertoliLeydig tumor, or other cystic lesions as multinodular goiter. The phenotype related to Dicer syndrome suggests a crucial role of miRNAs in regulating cell proliferation and organ development.
Indeed, several lines of evidence suggest a key role of miRNAs in organ development. This is the case for all the main target organs of the Dicer syndrome. miR-1 and miR-133 have been found fundamental for the myogenesis (miR-1) and myoblast proliferation (miR133) of both heart and muscles [5] . In addition, miR-124a and miR-9 are crucial for the development and terminal differentiation of neurons and astrocytes [6] . miRNA seems to play a role also in the development of the lung. miRNA-127 overexpression interferes with lung development [7] . Finally, in the kidney, miR-30 family is involved in the development of the pro-nephron by targeting Xlim/Lhx1, which is an important transcription factor essential for nephric duct formation and nephron differentiation [8] .
The identification of miRNA in biological fluids such as blood, urine, and saliva raises the possibility that they could also be involved in cell to cell communication; namely, one cell could regulate gene expression in the neighbor cell [9] . Circulating miRNAs from nucleases are highly stable because they are encapsulated into apoptotic bodies [10] , microvesicles [11] , and exosomes, or complexed with the AGO proteins [12] . Valadi et al. [13] proved that miRNA and mRNA contained in the exosomes can be transferred between cells. This gene regulation mechanism seems to be used particularly by tumor cells to modulate cellular growth in the surrounding environment [14] . Exosome-induced gene regulation has also been described in tumor metastasis formation. Breast cancer cells can release exosomes containing miR-105. Once delivered in the target cells, miR-105 regulates the tight junction protein 1 (TJP1) and promotes metastasis generation [15] . However, since urinary exosomes contain some miRNAs, this kind of gene regulatory mechanism could be hypothesized also to occur between the various segments of the nephron. In addition, the presence of miRNAs in urine and in other biological fluids associated with their physiopathological specificity also opened the possibility to use them as biological markers.
In an attempt to find novel biomarkers associated with the development of diabetic nephropathy (DN), Eissa et al. [16] screened miRNA expression in the urinary exosomes from a homogenous cohort of type 2 diabetes (T2D) patients stratified according to the presence of normo-, micro-, and macroalbuminuria. In this way, miR-133b, miR-342, and miR-30a were proven to be strongly associated with the development of proteinuria in T2D patients. The predicted targets of these miRNAs were mainly involved in the pathways related to TGF-β1, MAPK, fatty acid metabolisms, and insulin signaling cascade, suggesting their primary involvement in the pathogenesis of the T2D-induced endothelial dysfunction. Indeed, the good correlation between their expression and the decline of the eGFR corroborate the hypothesis. Whether these miRNAs could serve also as prognostic factors or anticipate disease onset could not be answered.
By following a reductionist approach, the presence of miRNA-regulating genes involved in TGF-β1-dependent renal fibrosis was investigated in the urine of patients affected by Ig-A nephropathy. Compared with healthy volunteers, Ig-A-affected patients showed increased urinary level of miR-21, miR-29, and miR-93 [17] . The studied cohort of patients presented also a slight reduction in eGFR and an overt proteinuria compared to the control group, and this limited the specificity of the findings. However, this study corroborated the role of TGF-β1-mediated renal fibrosis as crucial mechanism in Ig-A nephropathy. The identification of miRNAs in many kidney-related diseases suggests they are fundamental for renal development and physiology as for the other organs [18] . To address this point, experimental models are re-quired. So far, three different approaches have been followed to address the role of miRNAs in renal physiology: Suppression of Dicer gene expression is the most used model to investigate the role of miRNAs. In the kidney, Dicer conditional KO models have been generated for podocytes [19] , juxtaglomerular (JG) cells [20] , proximal tubules [21] , ureteric bud epithelium [22] , and overall epithelial cells of the nephron [23] ( Fig. 1 ) .
The podocyte-specific Dicer knockout model was reported in 2008 by three research groups [19] ; the deletion of Dicer was performed using the CRE-lox recombinase system, expressing the CRE under the Nphs2 promoter, a gene encoding for podocin. All the three models showed the development of progressive chronic renal failure secondary to glomerular dysfunction. Indeed, loss of podocytes due to cytoskeletal modifications and foot processes effacement with an overt proteinuria developed 2-4 weeks after birth. The defects rapidly progressed into end-stage renal diseases, and finally the mice died from severe renal failure. This experimental approach allows the identification of four miR-30 fam- ily members as fundamental for podocytes function [24] .
Dicer-dependent regulation of miRNAs has been found of note also for the function of the juxta-glomerular apparatus of the nephron. This structure regulates the glomerular filtration rate according to the electrolyte composition of the lumen, mainly reducing the filtration rate when a high concentration of chloride is detected. In addition, the JG cells highly synthesize and secrete renin [20] and contribute to the regulation of the blood volume and thus systemic blood pressure [25] . Selective suppression of Dicer-floxed gene in the JG cells has been achieved by using a CRE recombinase associated with the promoter of the REN1 gene [20] . This conditional knockout (cKO) model had a loss of JG cells, followed by a consequent reduction in renal and plasma renin concentration. This determines a drop in arterial blood pressure together with severe renal development alterations such as irregular surface, low kidney weight, interstitial fibrosis, and tubular and glomerular damage. Taken together, these observations suggested that Dicer and miRNAs are essential for the maintenance of JG cells and for the proper kidney development. However, in this study, no miRNAs specific for the JG were identified [20] .
In order to recapitulate the main alterations of the human Dicer syndrome, we suppressed Dicer expression in the epithelial cell of the kidney and thyroid by generating a Dicer floxed -Pax8 CRE mouse model [23] . This mouse model develops multiple cysts in the kidneys and thyroid, resembling the goiter and the renal nephroma crucial traits of the Dicer syndrome [3] . The hallmarks of this experimental model were the progressive development of a glomerulocystic phenotype, mainly due to the enlargement of the parietal cells of the Bowman's capsule. Glomerulocystic formation leads to progressive proteinuria and renal failure. We showed that higher cellular turnover of the parietal cells of Bowman's capsule precedes the development of the cysts and that the enlargement of the Bowman's space was associated with progressive disappearance of the primary cilium. As molecular determinant of the Dicer induced cystogenesis, we identified a dysregulation of the of GSK3β/β-catenin pathways [23] . Indeed, severe downregulation of β-catenin and cytosolic retention was observed in cKO mice, and this was paralleled by alteration in GSK3β expression. In a similar experimental setting, Patel et al. [26] found a similar phenotype, and by evaluating the miRNAs expression profile they pointed out that downregulation of the members of the miR-200 family was directly linked to dysregulation of the PKD1 gene.
However, our Dicer floxed -Pax8 CRE cKo mice also developed an overt polyuria. This was associated with a reduced expression of functional markers (NKCC2 and AQP2) of TAL and CD, the two major nephron segments involved in water conservation mechanism. The progressive development of polyuria could have been associated with the progression of renal failure in this model and the reduced nephron mass. However, dysregulation of GSK3β pathway is one of the determinants of the AQP2 downregulation secondary to lithium treatment [27, 28] , and so it could contribute to water reabsorption impairment independently by renal failure. Since long-term lithium treatment is associated with the development of microcysts together with polyuria and GSK3β pathway alteration, it is likely that the same mechanism is induced by Dicer-dependent miRNA deregulation. It seems that miRNA integrity pathway is fundamental also for the embryonic development of the collecting duct from the ureteric bud. Early (E11.5) selective inactivation of Dicer (promoted by HoxB7-driven CRE system) severely affects the ductal branching and leads to cyst formation [22] .
miRNA Deregulation Secondary to Tissue-Specific Drosha and Dgcr8 Ablation
In addition to the ultimate maturation of miRNAs, Dicer plays other miRNA-independent functions. Indeed, Dicer acts as a DNAse promoting the genomic DNA fragmentation during apoptosis and also clearing DNA-repeated elements and other small endogenous or exogenous inhibitory RNA [29] . Thus, Dicer cKO models could not reflect exclusively miRNA deletion. To rule out potential miRNA unrelated effect, other experimental models of targeting miRNAs have been developed by suppressing the expression of either Drosha or Dgcr8, which assemble the microprocessor complex crucial in the initial steps of miRNA maturation.
Drosha is an RNase III enzyme and, together with its cofactor DiGeorge syndrome critical region 8 (Dgcr8), in the nucleus, cleaves the pri-miRNA in pre-miRNA. Dgcr8 recognizes and interacts with the hairpin structure of the pri-miRNAs and recruits Drosha. Drosha then cleaves pri-miRNAs precisely at the stem-loop structure cutting the miRNA in an about 70-nucleotide fragment.
Podocyte-specific deletion of Drosha (driven by CRE recombinase linked to Nphs2 promoter) induces a severe glomerulopathy [30] . Conditional inducible deletion of Drosha in podocytes at 2 and 3 months of age resulted in 115 a collapsing glomerulopathy, secondary to podocyte dedifferentiation. Indeed, the podocytes lost their specific markers, namely synaptopodin, WT-1, podocin, and nephrin. This was associated with, glomerular tuft collapse, wrinkling of the basement membrane and pseudocrescent formation, which led to proteinuria and ultimately to renal failure and death at around 6 weeks of age. Several miRNAs were found downregulated in this model and recognized as pathogenic markers of collapsing glomerulopathy. These were similar to what was found in the Dicer cKO models driven by the same promoter gene.
Models of selective inactivation of Dgcr8 are also an efficient way to interfere with miRNA expression. Selective inactivation of Dgcr8 in Pax8-expressing cells leads to broad suppression of the protein in the majority of the renal epithelial cells. Such a model resembles in the phenotype the Dicer flox -Pax8 CRE mice [23, 26] , developing glomerulocystic abnormalities associated with progressive renal failure and polyuria [31] . In this model, a downregulation of miR-200 family members was found associated with the phenotype as in the Dicer flox -Pax8 CRE mice described by Patel et al. [26] . The studies reviewed here demonstrate that interfering with the miRNA maturation at the stage of the pri-or pre-miRNA by suppressing Drosha/Dgcr8 and Dicer, respectively, leads to similar phenotypes. These data support an equal role of the three key proteins involved in miRNA maturation in deregulating mature miRNAs and limit the causative role of miRNAindependent factors potentially associated with Dicer function.
miRNA-Based Therapy: Current Approaches
The role of miRNAs in the pathophysiology of several renal diseases may open new avenues for a miRNA-based therapy. Recently, a great interest of the scientific community has been focused on the use of chemically engineered antisense oligonucleotides targeting specific miRNAs termed mimics or antagomirs when able to reproduce or inhibit specific miRNA function, respectively.
One of the challenges to the broad use of this approach is to protect the oligonucleotides by circulating RNaseand pH-dependent degradation. Chemically modified nucleobases as phosphorothioate-containing oligonucleotides, 2 ′ -O-methyl-(2 ′ -O-Me) or 2 ′ -O-methoxyethyloligonucleotides [32] , locked nucleic acid (LNA) oligonucleotides [33] , peptide nucleic acids [34] , and fluorine derivatives (FANA and 2 ′ -F) [35] could confer stability to miRNAs and facilitate their systemic delivery ( Fig. 2 ) .
When these chemical modifications are at both 3 ′ and 5 ′ ends, they confer more stability from nuclease degradation, and configure a so-called "gapmer." In this compound, a central "gap," 8-12 base of unmodified DNA or phosphorothioate DNA, allows the formation of a DNA-RNA hybrid [36] and then recruit the RNase H for the cleavage of the DNA-RNA hybrid. For these molecules, LNA seems to offer a high degree of stability against nucleases and of binding affinity [37] .
As for any drug, the crucial point in the development of a miRNA-based therapy is safety and efficacy. To guarantee this, minimizing off-target effects is mandatory. This can be a problem when injecting in vivo since the drugs have to cross several biological barriers before docking to the target cells.
However, the insertion of mimic or antagomir into the envelopes is the most used strategy. Currently, the most used carriers for miRNAs delivery in vivo can be divided into two categories, viral and nonviral [38] . The viral-mediated delivery including lentivirus, adenovirus, and adeno-associated virus ( Fig. 2 ) has been widely used to deliver exogenous DNA and siRNA for gene therapy in the past 20 years [39] . The viral-mediated delivery approach provides a large amount and long-term persistent expression of the carried miRNA, even though the risk of random integration and off-target effects remains high [40] . Another issue is the host immune response induced by the transduced viral vectors, especially by adenovirus and adeno-associated virus [41] . Furthermore, occasional poor integration and transient expression also hamper the application of the viral delivery system [41] .
To overcome the limitation of the use of viral vectors, nonviral vectors are becoming good alternatives. Chemically synthesized single-strand miRNA inhibitors or double-strand miRNA mimics are safe, cheaper, and more specific for the delivery systems and, finally, they are delivered in nonviral vehicles like lipids and nanoparticles. Lipid and nanoparticle-based delivery is the most widely and clinically advanced approach. Lipid-based delivery systems include liposomes, microemulsions, and solid lipid nanoparticles. The liposomes are carriers with an aqueous core surrounded by a phospholipid bilayer; they are biocompatible and biodegradable. The core of anionic oligonucleotides is encapsulated in cationic liposomes. After the fusion with the plasma membranes, the oligonucleotides are transferred into the cells. Cationic liposomes are highly immunogenic and can interfere with the activity of serum proteins and blood cells. Instead, nanoparticles of 50-70 nm would be a safer alternative because of their lower immunoge-nicity, higher biocompatibility, and a more stable profile against degradation process. These are mainly made of polyethylene glycol-coated cationic lipid bilayers, polyethyleneimine-miRNA complexes and atelocollagen-mi-RNA complexes (such as poly(lactic-co -glycolic acid)) [42] . Recently, nanoparticles called stable nucleic acid lipid particles [43] have been used for clinical use. The first clinically tested miRNA was miR-34 [44] . miR-34 is a well-defined miRNA tumor suppressor. It is transcriptionally induced by p53 and acts as an important effector molecule in the execution of molecular programs directed by p53 [45] . A loss of expression of miR-34 has been found in many tumor types, including lung, liver, breast, and colon carcinoma. Interestingly, the delivery of miR-34 mimics to cancer cells showed the inhibition of tumor growth and progression. The most effective delivery strategy implies the use of stable nucleic acid lipid particles [43] .
Other miRNAs have been proposed as potential therapeutic modulators in cancer. Indeed, anti-miR-155 encapsulated in a poly(lactic-co -glycolic acid) nanoparticle can lead to rapid tumor regression in the brain and lungs of a miR-155 Cre-loxP tetracycline-controlled knock-in mouse model [46] ; anti-miR-217 was used as tumor suppressor for the pancreatic ductal adenocarcinoma cell line [47] ; finally, miR-33a-mimic and miR-145-mimic were locally and systemically delivered as tumor suppressors using polyethylenimine in a mouse 117 model of colorectal carcinoma [48] . Other reports demonstrated the involvement of miR-122 in promoting the replication of the hepatitis C virus, resulting in an interesting therapeutic target for the treatment of this disease. It was proven that the inhibition of miR-122 using an LNA-modified oligonucleotide reduces the infection and the liver damage in the mouse model [49] and in non-human primates [50] . Currently, anti-miR-122 LNAs is used in clinical trials as a therapy for hepatitis C. Attempts of miRNA-based therapy in renal diseases were mainly to prevent the development of renal fibrosis. The most compelling evidence in this sense is represented by the use of the antagomir against miRNA-21 [51] . By weekly subcutaneous injection of the specific antagomir in a mouse model of CKD, not only the renal fibrosis decreased, but also the life span of CKD-affected mice was prolonged. This was associated with the efficacy of the antagomir in reversing both glomerular and tubular cell damage. Proper targeting in glomerular and tubular epithelial cells was assessed by mir-21 Cy-3-conjugated fluorophore injection [51] . A similar experiment was performed in a model of DN.
It is well known that one of the main features of DN is the development of renal fibrosis. Several studies highlighted that the dysregulation of the components of the miR-29 family (a, b, and c) plays an important role in the pathogenesis of renal fibrosis [52] . Chen et al. [53] studied the efficacy of miR-29b supplementation in diabetic db/db mice. They used an ultrasound-based gene delivering system to restore the miR29 level in the kidneys. With this approach, they demonstrated that miR-29b is able to block the TGF-β/Smad3 pathway, decreasing collagen matrix accumulation and reducing Sp1/NF-κB-dependent inflammation [53] . With a different miRNA delivery approach, a substantial protective role of miRNA29a in the development of diabetic glomerulopathy was proven. Indeed, supplementation of miR-29a to streptozotocin-induced diabetic mice by means of alentivirus prevented the upregulation of profibrotic factors like TGF-β1, fibronectin, and DKK1 [54] . Finally, a recent study showed that miR-29c upregulation is harmful for the renal phenotype of db/db mice, and targeting its activity by silencing its expression prevents the development of a diabetesinduced albuminuria [55] . From these results, it is clear that the miR-29 family is crucial for the glomerular damage induced in the experimental model of diabetes mellitus, and that a complex equilibrium between the relative expression levels of the single members of the miR-29 family is a cornerstone of renal fibrosis modulation.
Conclusion
Since the discovery of miRNAs, the knowledge on their function and potential usage has been exponentially increasing. The association of miRNAs with a specific state of disease makes them potential candidate biomarkers for human pathology. Even though several efforts have been made, so far, no miRNAs accomplish this role in the clinical practice. An additional ongoing and interesting application of miRNAs includes miRNA-based therapy. The interest in miRNA-based therapy currently involves mainly its application in oncology, as recently reviewed [56] . However, its potential use in rare renal disease is promising. Indeed, the pathogenesis of these diseases involves mainly a single gene defect. Posttranscriptional regulation of this deficient gene or its downstream regulators could be provided by selective appropriate miRNA mimics or antagomirs. To this aim, both the research into the role of miRNAs in specific physiological processes and the improvement of miRNA delivery means must be addressed.
